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Both the brome mosaic virus (BMV) and cowpea chlorotic mottle virus (CCMV) RNA-dependent RNA polymerases (RdRps)
were found to recognize the BMV core subgenomic promoter in the same manner, requiring specific functional groups at
positions 217, 214, 213, and 211 relative to the subgenomic initiation site (11). For CCMV subgenomic RNA synthesis, both
RdRps required the same nucleotides and four additional nucleotides at positions 220, 216, 215, and 210. The 220
nucleotide is partially responsible for the differential mode of recognition of the two promoters. These data provide evidence
that the RNA can induce RdRps to alter the mode of promoter recognition. © 1998 Academic Press
Viral RNA replication is directed by RNA-dependent
RNA polymerase (RdRp), an enzyme complex composed
of viral and cellular proteins (1). This process requires
specific recognition of RNA characteristics by the RdRp.
Mechanistic details of RNA-dependent RNA synthesis
are only now emerging (2–4). Highly enriched BMV RdRp
preparations can synthesize (2)-strand RNA and sub-
genomic RNA from exogenously added genomic RNA
and (2)-strand RNA3, respectively, in a sequence-spe-
cific manner (5, 6). Requirements for the initiation of BMV
subgenomic RNA synthesis can be reproduced with tem-
plates of minimal lengths, named proscripts to indicate
that the RNA contains both promoter and template se-
quences. A proscript containing the 20-nucleotide (nt)
core subgenomic promoter and the initiation nt is suffi-
cient to direct accurate and efficient subgenomic RNA
synthesis (3). In the core promoter, nts at positions 217,
214, 213, and 211 relative to the subgenomic initiation
site (11) have been identified as the putative contact
sites for RdRp (3, 4). The nts at these four key positions
are highly conserved in subgenomic promoters in mem-
bers of the alphavirus-like superfamily, including closely
related cowpea chlorotic mottle virus (CCMV), in which
all except the identity of the 211 nt are conserved. In this
report, we examine the nts required for recognition of the
BMV and CCMV core subgenomic promoters by the
homologous and heterologous RdRps. We determined
that both RdRps use an overlapping but nonidentical set
of nts to direct RNA synthesis. Furthermore, the RNA
promoter sequence dictates the mode and specificity of
RdRp recognition.
CCMV and BMV RdRps share a common mode of
recognition of the BMV core subgenomic promoter
Prior in vivo experiments with mixtures of BMV and
CCMV transcripts have shown that BMV RNAs 1 and 2
(encoding the viral components of the RdRp complex)
can support low levels of synthesis of CCMV RNA3 when
coinoculated in barley protoplasts (7). Conversely, CCMV
RNAs 1 and 2 were able to support slightly better than
wild-type (WT) levels of synthesis of BMV RNA3 (7).
Similarly, the partially purified BMV and CCMV RdRps
can use templates from the heterologous virus in vitro (8,
9). These results suggest conservation in the process of
RNA synthesis. However, heterologous and homologous
templates directed different levels of synthesis, perhaps
due to differences in the replication signals in the BMV
and CCMV RNAs or the ability of the BMV and CCMV
RdRps to recognize these signals, or both (7, 10).
We examined promoter recognition by RdRp using the
BMV and CCMV core subgenomic promoters. Two pro-
scripts were constructed to test the ability of the BMV
and CCMV RdRps to use the heterologous subgenomic
promoter. The BMV WT control was a 33-nt proscript,
B220/13 (previously described as 220/13 in 3), that is
complementary to the BMV (1)-strand RNA3 from posi-
tions 1222–1252 (11) and directs synthesis of a 13-nt
RdRp product (Fig. 1A). The CCMV WT control was a
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31-nt proscript, C220/11, that is complementary to the
CCMV (1)-strand RNA3 from positions 1330–1358 (12)
and directs synthesis of an 11-nt RdRp product. Corre-
sponding proscripts with initiation nt transversions
(B11C/G and C11C/G) were also constructed to allow
for analysis of accurate initiation. Both BMV and CCMV
RdRps were able to efficiently and accurately initiate
subgenomic RNA synthesis from both BMV and CCMV
proscripts (Fig. 1A, lanes 1, 3, 6, and 8). The BMV RdRp
used the CCMV core subgenomic promoter as well as its
own (100 6 14%), whereas the CCMV RdRp showed a
slight preference for the BMV core subgenomic promoter
(118 6 11%). The predominant products synthesized by
both the BMV and CCMV RdRps were 1 nt larger (14 or 12
nts) than expected (13 or 11 nts) due to the nontemplated
addition of 1 nt, a phenomenon previously observed with
the BMV RdRp (3). Mutations at the initiation site abol-
ished synthesis from both the BMV and CCMV proscripts
(Fig. 1A, lanes 2, 4, 7, and 9), indicating that initiation
occurred at the authentic initiation site used in vivo. The
CCMV WT proscript also directed low levels of synthesis
of a product 2 nt larger than expected (13 nts in this
case), which likely resulted from initiation at the 21
position using a templated uridylate, a phenomenon pre-
viously observed with the BMV RdRp (2, 3). Similar low
levels of this product were observed from all other pro-
FIG. 1. BMV and CCMV core subgenomic promoter recognition by BMV and CCMV RdRps. The sequence of WT BMV and CCMV proscripts
(B220/13 or C220/11, respectively) are presented with mutations indicated and the initiation nt (11) denoted with an arrow. The two 59 guanylates
are from T7 initiation of proscript synthesis and permit labeling of RdRp products with [a-32P]CTP. Proscripts B220/13 and C220/11 direct synthesis
of 13- and 11-nt RdRp products, respectively. These products were separated by denaturing PAGE and visualized by autoradiography. The RdRp (BMV
or CCMV) and the sizes of the products (in nt) are indicated adjacent to the autoradiograph. The lanes containing products from a given proscript
and, in some cases, quantification of these products relative to those from a WT proscript on same the autoradiograph are indicated adjacent to
proscript names in the schematic. (A) BMV and CCMV core subgenomic promoters are used efficiently and accurately by both BMV and CCMV RdRps.
Mutations introduced by transversion of the initiation nt are indicated. The four positions previously reported as essential in the BMV core subgenomic
promoter (nts 217, 214, 213, and 211; 3) are shown in larger type. These four positions in the BMV core subgenomic promoter, and the three
conserved in the CCMV core subgenomic promoter (217, 214, and 213) are underlined. Lanes 5 and 10 contain the products of control reactions
lacking input proscript. (B) Mutational analysis of the BMV core subgenomic promoter tested with the CCMV RdRp by single nt transversions at
positions 217 to 29 and 25 to 23. (C) All possible nt replacements at positions 217, 214, 213, and 211 in the BMV core subgenomic promoter
tested with the CCMV RdRp. (D) Mutational analysis of the CCMV core subgenomic promoter tested with the CCMV or BMV RdRp by single nt
transition at position 220 and transversions at positions 218 to 210.
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scripts containing CCMV sequences from at least 29 to
21 (Figs. 2 and 3A).
Given that a 211G/A mutation in the BMV core sub-
genomic promoter is deleterious to BMV subgenomic
RNA synthesis (3), we did not expect the CCMV core
subgenomic promoter (which naturally has an adenylate
at this position) to direct virtually identical levels of syn-
thesis to the BMV core subgenomic promoter. To probe
this finding further, we tested a series of BMV core
subgenomic promoter mutations to determine the nts
required for RNA synthesis by the CCMV RdRp. We
observed that nts at key positions 217, 214, 213, and
211 were most important for synthesis by the CCMV
RdRp because transversions at any one of these posi-
tions reduced synthesis by $95% (Fig. 1B, lanes 2, 5, 6,
and 8). Mutations at positions 210 and 25 were less
severe, reducing synthesis by only ;75% (Fig. 1B, lanes
9 and 11). The nt positions in the BMV core promoter
required by the CCMV RdRp are therefore identical to
those required by the BMV RdRp (3).
Proscripts containing all possible substitutions at the
four key positions (217, 214, 213, and 211) were as-
sayed to test the nt specificity of these positions. Similar
to experiments with the BMV RdRp (3), none of these
substitutions allowed WT levels of synthesis. Proscripts
B217G/U, B211G/A, and B211G/U supported 27%, 17%,
and 16% of WT synthesis, respectively (Fig. 1C, lanes 4,
12, and 13). Other substitutions at the 217 and 211
positions and all substitutions at the 214 and 213 po-
sitions supported #5% of WT synthesis (Fig. 1C, lanes 2,
3, and 5–11). Based on the structures of the bases at
these positions, the results predict that the important
functional groups required for RNA synthesis are the C6
keto and/or N1 amine groups at position 217; the N7
imine, C6 keto, and/or N1 amine groups at position 211;
multiple elements at position 214; and the C4 amine at
position 213. The predicted base specificity at these
positions for the CCMV RdRp is identical to that of the
BMV RdRp (3).
We next tested these predictions with the CCMV RdRp
using chemically synthesized proscripts that contained
nt analogs at the 217, 214, 213, or 211 position in the
BMV core subgenomic promoter previously character-
ized by Siegel and colleagues (4). The importance of the
C6 keto and/or N1 amine groups at position 217 was
confirmed with a proscript containing 2-aminopurine
(which lacks these groups) at 217. This substitution
reduced synthesis by 90% relative to WT (Table 1). Be-
cause a uridylate substitution (which contains a spatially
equivalent keto group) at this position gave 27% of WT
synthesis (Fig. 1C, lane 4), the C6 keto group is likely the
primary recognition site. For the 211 guanylate, the pre-
dicted requirement of the C6 keto, N1 amine, and N7
imine groups was investigated with proscripts contain-
ing either 2-aminopurine or an N7 deaza analog at this
position. The 2-aminopurine substitution reduced syn-
thesis by ;80%, demonstrating the importance of the C6
keto and/or N1 amine groups at the 211 position. A
control proscript containing a 29-deoxyguanosine (29-dG)
at the 211 position was tested because the N7 deaza
analog was available only in the deoxyribose form. Re-
moval of the 29-OH alone at 211 (29-dG substitution)
reduced synthesis by ;85%, demonstrating the impor-
tance of this ribose specific group at this position. How-
ever, removal of the N7 imine and 29-OH together further
reduced synthesis (by ;95%), confirming the importance
of the N7 imine group. The importance of the C6 amine
group at the 214 adenylate was investigated, although
no clear prediction could be made from the nt substitu-
tion experiments. Substitution of a purine riboside ana-
log at the 214 position did not abolish synthesis, sug-
gesting that other features of the essential adenylate at
this location are important. The importance of the C4
amine at the 213 cytidylate was confirmed using a pro-
script containing a pyrimidine 2-one analog (which lacks
this group) at this position. This substitution reduced
synthesis by ;90%.
The trends in synthesis by the CCMV RdRp from pro-
scripts containing nt (Figs. 1B and 1C) or functional
group (Table 1) changes in the BMV core subgenomic
promoter were virtually identical to those previously ob-
served with the BMV RdRp (3, 4). These results demon-
strate that both the CCMV and BMV RdRps require the
identical functional groups in the BMV core subgenomic
promoter, even though the core promoters of the two
viruses are not strictly conserved.
FIG. 2. Nucleotides 29 to 21 of the CCMV core subgenomic pro-
moter do not alter recognition of the 211 or 210 nt of the BMV core
subgenomic promoter. Proscripts are presented diagrammatically with
key nts indicated. BMV sequences are white, and CCMV sequences
are shaded gray. The RdRp (BMV or CCMV) and the sizes of the
products (in nt) are indicated adjacent to the autoradiograph. The lanes
containing products from a given proscript and/or quantification of
these products (relative to those from the WT proscript and presented
as the mean from two independent experiments) are indicated adjacent
to the proscript schematics.
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Additional nts required for recognition of the CCMV
core subgenomic promoter
The surprising finding of identical recognition of the
BMV core subgenomic promoter by both the CCMV and
BMV RdRps led us to perform the reciprocal experiment
to determine how the CCMV core subgenomic promoter
was recognized. A mutational scan of the CCMV core
subgenomic promoter identified 8 nt positions (220,
217, 216, 215, 214, 213, 211, and 210) as important for
CCMV subgenomic RNA synthesis by both CCMV and
BMV RdRps. Mutations at each of these positions re-
duced synthesis to #17% of that from WT C220/11 (Fig.
1D, lanes 2, 4–8, 10, and 11). We note that nts 216, 215,
and 210 were not essential positions for synthesis from
the BMV core subgenomic promoter (compare Fig. 1B,
lanes 3, 4, and 9, with Fig. 1D, lanes 5, 6, and 10). Of the
nts at these eight key positions, only the identities of
those at 220, 211, and 210 differ between the CCMV
and BMV core subgenomic promoters (Fig. 1A). The
importance of the 216 and 215 positions in the CCMV
core subgenomic promoter is not due to the size of the
RdRp product being synthesized because these nts re-
FIG. 3. Nucleotides 220 and 211 function together to promote
CCMV and BMV subgenomic RNA synthesis. Proscripts are presented
diagrammatically with key nts indicated. CCMV sequences are shaded
gray, and BMV sequences are white. The RdRp (BMV) and the sizes of
the products (in nt) are indicated adjacent to the autoradiograph. The
lanes containing products from a given proscript and quantification of
those products (relative to those from the WT proscript and presented
as the mean and standard deviation from at least three independent
experiments) are indicated adjacent to the proscript schematics. (A)
Exchanging the 220 and 211 nts in the CCMV core subgenomic
promoter with those in BMV. Lane 13 contains the products of a control
reaction lacking input proscript. (B) Exchanging the 220 and 211 nts in
the BMV core subgenomic promoter with those in CCMV. Lane 13
contains the products of a control reaction lacking input proscript. (C)
Exchanging 220 and 211 nts within the BMV core subgenomic
promoter. Lane 9 contains the products of a control reaction lacking
input proscript. (D) A model of CCMV/BMV RdRp-core subgenomic
promoter recognition. The CCMV and BMV RdRps are shown in black
as being interchangeable and able to adapt to either the CCMV or BMV
RNA promoter. Recognition of the 8 essential nts in the CCMV core
subgenomic promoter or the 4 in the BMV core subgenomic promoter
is presented as direct contacts induced by the RNA in the RdRps. An
additional interaction with the initiation nt (11) previously detected (4)
is also shown. The interplay detected between the 220 and 211 nts in
the CCMV core subgenomic promoter that likely defines promoter
recognition is indicated with a solid line connecting these 2 nts. The
potential for this interplay to occur in some circumstances in the BMV
core subgenomic promoter is indicated with a dashed line connecting
these 2 nts.
TABLE 1
Effects of Analog Replacement of Nucleotides at the Four Key
Positions in the BMV Core Subgenomic Promoter on RNA Synthesis
Position and analog
RdRpa
Functional group
implicatedCCMV BMVb
217G/2-aminopurine 10% 4% C6 keto, N1 amine
211G/2-aminopurine 22% 40% C6 keto, N1 amine
211G/29-dG 13% 46% 29-OH
211G/29-dG, N7 deaza 6% 25% 29-OH, N7 imine
214A/purine riboside 31% 60% ?
213C/pyrimidine 2-one 9% 7% C4 amine
a Percent WT RNA synthesis by indicated RdRp relative to C220/11
or B220/13.
b Data from 22.
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mained unimportant in the BMV equivalent of C220/11
(data not shown).
The CCMV and BMV RdRps directed virtually identical
levels of RNA synthesis from the CCMV core sub-
genomic promoter, demonstrating that both RdRps are
recognizing this promoter in the same manner (Fig. 1D).
This provides additional evidence that these two RdRps
share a common mode of recognition for a given core
subgenomic promoter. Furthermore, it suggests that the
promoter sequence induces the RdRp to alter its mode of
recognition as demonstrated by the expanded set of
nucleotides required for CCMV subgenomic RNA synthe-
sis by both RdRps.
Nucleotides 29 to 21 of the CCMV core subgenomic
promoter do not alter RdRp recognition of key nts in
the BMV core subgenomic promoter
To identify the features of the CCMV core subgenomic
promoter that were responsible for the difference in nts
required for RNA synthesis, we constructed a set of
CCMV/BMV hybrid proscripts. Although 8 of 9 nts be-
tween positions 220 and 212 of the CCMV and BMV
core subgenomic promoters are identical, only 4 of 11
are conserved between positions 211 and 21 (Fig. 1A).
Because the nts at positions 211 and 210 are important
for BMV and/or CCMV subgenomic RNA synthesis, we
decided to determine whether the 29 to 21 region of the
CCMV core subgenomic promoter would influence RdRp
recognition of these 2 nts in the BMV core subgenomic
promoter. Mutations at 211 or 210 had identical effects
on synthesis from BMV and hybrid proscripts with both
RdRps (Fig. 2). An adenylate-to-guanylate transition at
211 reduced synthesis to ;15% of the relevant WT
construct, whereas the same mutation at 210 reduced
synthesis to ;43%. The 29 to 21 region of the CCMV
core subgenomic promoter apparently is not responsible
for the differential recognition of the BMV and CCMV
core subgenomic promoters because the substitution of
these nts into a BMV proscript did not alter the relative
importance of the 211 and 210 positions. This suggests
that the 29 to 21 nts are not responsible for differential
promoter recognition. Instead, the 39 portion of the CCMV
and BMV core promoters may determine the mode of
promoter recognition.
Nucleotides 220 and 211 function together to
promote subgenomic RNA synthesis
Previous results demonstrate that the 220 position
is not required for BMV subgenomic RNA synthesis (3,
13). However, only the identities of the nts at the 220
and 211 positions differ between BMV and CCMV in
the 39 half of their core subgenomic promoters. To
determine the effect of the 220 nt on RdRp recognition
of the core subgenomic promoters, a series of pro-
scripts containing various mutations of the 220, 211,
or 220 and 211 nts was made. Proscripts were as-
sayed with the BMV RdRp because all previous results
indicated that the BMV and CCMV RdRps were inter-
changeable on a given template. Mutations at the 220
position were deleterious in CCMV (C220U/C, 16% of
WT) but had virtually no deleterious effect (B220 C/U,
85% of WT) or a stimulatory effect (B220C/G, 172% of
WT) in BMV (Figs. 3A–C, lanes 3 and 4). These results
are consistent with previous observations (Fig. 1D,
lane 2; 3). The relative importance of the 220 position
in the CCMV core subgenomic promoter was con-
firmed using proscripts with a deletion of the 220 nt.
CCMV proscripts lacking the 220 nt directed only 25%
of WT levels of synthesis, whereas BMV proscripts
lacking the 220 nt directed 76% of WT levels of syn-
thesis (data not shown). Mutations at the 211 position
all resulted in reduced synthesis from both CCMV and
BMV core subgenomic promoters (C211A/G at 50%, B
211G/A at 27%, and BMV211G/C at 5% of WT levels of
synthesis; Figs. 3A–C, lanes 5 and 6). Interestingly,
proscripts containing mutations at both 220 and 211
directed RNA synthesis approaching or exceeding WT
levels, significantly higher than proscripts with the
211 mutation alone (Figs. 3A–C, lanes 7 and 8). For
the CCMV core subgenomic promoter, a cytidylate at
220 and a guanylate at 211 (C220U/C, 211A/G) di-
rected 327% of WT levels (C220/11) of synthesis. For
the BMV core subgenomic promoter, the debilitating
mutations at the 211 position (either a guanylate to an
adenylate or a guanylate to a cytidylate) were restored
to nearly WT levels (B 220/13) of RNA synthesis by
changes of the 220 nt to a uridylate or guanylate,
respectively. These results suggest that a mutation at
the 220 position is able to compensate for a mutation
at the 211 position in both CCMV and BMV core
subgenomic promoters.
We next determined whether the effect of the 220
mutation was due to its location at the 220 position or its
being at the 39 end of the proscript. Several additional
proscripts were designed in which the mutation at 220
was moved 1 or 2 nts 39 of the 220 position (to 221 or
222, respectively) in the context of a 211 mutation. In
CCMV, there was a preference for the 220 mutation (a
cytidylate) to be located at 220 (327% of WT). However,
placement of a cytidylate at 221 or 222 also increased
synthesis (133% or 83% of WT, respectively) relative to the
211A/G mutation alone (Fig. 3A, lanes 9–12). In contrast,
for BMV there was an absolute requirement for the 220
mutation (a uridylate) to be located at 220 (61% of WT).
Placement of a uridylate at 221 or 222 gave no increase
in synthesis (27% of WT in both cases) from the level of
the 211G/A mutation alone (Fig. 3B, lanes 9–12). These
results demonstrate that the location of the nt at the 220
position and not the 39 end of the proscript is primarily
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responsible for the restoration of synthesis from tem-
plates with a mutation at the 211 position. Furthermore,
this suggests communication between the 220 and 211
nts, perhaps in which the 220 nt in CCMV triggers
recognition of the 211 nt and contributes to the differ-
ences in RdRp recognition of the CCMV and BMV core
subgenomic promoters (Fig. 3D).
A central question in viral RNA replication is how the
viral RdRp can specifically recognize its RNA promoters
while ignoring cellular RNAs. This specific recognition is
an especially interesting issue for positive-sense RNA
viruses with multiple promoters that must be recognized
in trans by the RdRp. Furthermore, viral RNAs all contain
two or more promoters that are apparently very different
in primary sequences and potential secondary struc-
tures. Several lines of evidence, including promoter com-
petition studies (data not shown), suggest that one RdRp
complex is capable of recognizing multiple promoters,
raising the question of how a viral RdRp can recognize
these different promoters.
Specific recognition of the BMV core subgenomic pro-
moter requires the nts at positions 217, 214, 213, and
211 (3, 4). A mutation at any one of these four positions
in the BMV core subgenomic promoter dramatically re-
duces synthesis. The identities of 3 of these 4 nts (217,
214, and 213) are conserved in the CCMV core sub-
genomic promoter, whereas the nt at 211 is not. Based
on results from in vitro analysis of the BMV core sub-
genomic promoter (3), we expected the BMV RdRp to
inefficiently recognize the CCMV core subgenomic pro-
moter. However, previous work has demonstrated heter-
ologous recognition by the viral RdRps in protoplasts (7).
This potential inconsistency prompted us to examine the
mode of recognition of the BMV and CCMV core sub-
genomic promoters by the BMV and CCMV RdRps. Quite
surprisingly, we found that both promoters were capable
of inducing the correct conformation/contact by the viral
RdRps. This demonstrates that specific recognition ex-
tends to closely related viruses, although different
modes of recognition by the RdRp are needed (Fig. 3D).
Finally, our in vitro results are consistent with previous in
vivo observations that bromoviral RdRps can recognize
heterologous templates (7).
The CCMV and BMV core subgenomic promoters con-
tain an overlapping but not identical set of recognition
features. Eight positions in the CCMV core subgenomic
promoter (nts 220, 217, 216, 215, 214, 213, 211, and
210) are required for CCMV subgenomic RNA synthesis
by both RdRps, which include the four essential positions
in the BMV core subgenomic promoter (nts 217, 214,
213, and 211) (Fig. 1). Furthermore, both RdRps require
the identical functional groups at the four key positions in
the BMV core subgenomic promoter (Table 1), likely
representing contact sites between the RdRp and RNA.
Quite strikingly, the nts at positions 216 and 215 are
identical in the two core subgenomic promoters, al-
though they are differentially required for RNA synthesis.
The 211 position, the only divergent one of the four
common required nts, also appears to be recognized
differently in CCMV (Fig. 1).
The 220 nt may be a position-dependent determinant
for the recognition of the other nts in the CCMV core
subgenomic promoter. The requirement for the 220 nt is
a major difference between the two core subgenomic
promoters. Although the 220 nt is not required in the
BMV core subgenomic promoter, it is essential for RNA
synthesis from the CCMV core subgenomic promoter.
However, mutations at the 220 position can suppress
the effect of mutations at the 211 position in both BMV
and CCMV core subgenomic promoters (Figs. 3A–C).
These results provide evidence that interplay between
the 220 and 211 nts in the CCMV core subgenomic
promoter is normally required to direct high levels of
CCMV subgenomic RNA synthesis (Fig. 3D). In the three
220/211 pairings examined, the most active proscripts
always contained 220 and 211 nts that could potentially
form a basepair. Although recognition of the required nts
is sequence specific, this observation suggests that lo-
cal RNA structure may be required for promoter recog-
nition.
The flexibility of both CCMV and BMV RdRps in pro-
moter recognition can be compared with the bacterio-
phage T7 and T3 DNA-dependent RNA polymerase
(DdRp) recognition of their promoters. The specificity of
the interaction between the bacteriophage promoters
and DdRps is determined by key nts located at positions
211 and 210 in the major groove of the DNA that interact
with a specific amino acid in the polymerase (including
amino acids 748 in T7 and 749 in T3) (14–17). The spec-
ificity of these DdRps for their homologous promoters
may be switched to the heterologous promoters simply
by exchanging these key nts or amino acids (14, 16, 17).
That the homologous enzyme–promoter combination is
the only one capable of directing RNA synthesis sug-
gests that the recognition of DNA promoters by DdRps is
relatively inflexible, perhaps due to the constraints of the
duplex DNA.
The flexibility of RdRp-promoter recognition may be
expected due to RdRp evolving to recognize more dy-
namic structures in RNA promoters. Consistent with this
idea, the T7 DdRp can recognize and use RNA templates
but in a manner distinct from DNA promoter recognition
(18–20). This result suggests that polymerases in addi-
tion to RdRp can be induced by the template to direct
RNA synthesis. However, it will make identification of nt
contact sites in RNA promoters less predictable until the
rules for polymerase–promoter interaction are better de-
fined.
A protein–nucleic acid interaction in which one or both
members alter their structure to facilitate binding is re-
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ferred to as induced fit, a phenomenon observed in-
creasingly in protein–RNA interactions (21). Observa-
tions suggest that by altering the protein and/or nucleic
acid structure, induced fit mechanisms may have a
larger role in biological function (21), including a demon-
stration that induced fit was shown to provide the struc-
tural adaptability needed to allow a bacterial repressor
protein to bind to DNA promoters with diverse se-
quences, structures, or both (22). The data in this report
are consistent with an induced fit mechanism for RdRp–
promoter interaction. This model predicts that RNA se-
quences that cannot induce specific recognition by the
viral RdRp, due to improper identities or spacing of the
required nts, structure, or both, would not lead to the
stable binding required to initiate RNA synthesis and
thus prevent recognition of inappropriate promoters.
Such an induced fit mechanism would also provide the
flexibility needed for a viral RdRp to discriminate be-
tween promoters of varying sequences, structures, or
both.
Synthesis of proscripts
Pairs of overlapping primers, one containing a T7
promoter and the other harboring discrete changes
within the subgenomic core promoter, were used for PCR
amplification of cDNA copies of (2)-strand BMV or
CCMV RNA3 encompassing the subgenomic promoter.
Proscripts were synthesized by T7 polymerase (Ampli-
scribe, Epicentre Technologies) as described previously
(13) and gel-purified to remove NTPs and proteins. Ana-
log-containing proscripts were synthesized chemically
as described previously (4). Proscripts were visually in-
spected with denaturing PAGE and quantified with UV
absorbance.
RdRp activity assay and product analysis
BMV RdRp was prepared from infected barley leaves
as described previously (23). CCMV RdRp was similarly
prepared from infected cowpea leaves. Standard assays
for both RdRps consisted of 43-ml reactions containing
20 mM sodium glutamate (pH 8.2), 4 mM MgCl2, 12 mM
dithiothreitol, 0.5% (v/v) Triton X-100, 2 mM MnCl2, 200
mM ATP, 500 mM GTP, 200 mM UTP, 242 nM [a-32P]CTP
(400 Ci/mmol, 10 mCi/ml, Amersham), 0.5 pmol of pro-
script, and 10 ml of RdRp. Reactions were incubated at
30°C for 90 min and stopped by phenol–chloroform ex-
traction followed by ethanol precipitation with 7.5 mg of
glycogen. RdRp products were separated by electro-
phoresis on 20% denaturing (7 M urea) polyacrylamide
gels. Gels were wrapped in plastic and exposed to film at
280°C. Product bands were quantified (expected size
and the nontemplated addition product together) using a
PhosphorImager (Molecular Dynamics), and values were
compared with the amount of product synthesized from
WT templates to determine the relative percent activity of
mutant templates.
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